
Journal of Molecular Structure 1241 (2021) 130566 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

Design, synthesis, antimicrobial evaluation, and molecular docking of 

novel chiral urea/thiourea derivatives bearing indole, benzimidazole, 

and benzothiazole scaffolds 

Ferruh Lafzi a , Deryanur Kilic 

a , ∗, Melike Yildiz 

b , Nurullah Saracoglu 

a , ∗

a Department of Chemistry, Faculty of Sciences, Atatürk University, Erzurum 25240, Turkey 
b Department of Molecular Genetic and Biology, Faculty of Sciences, Atatürk University, Erzurum 25240, Turkey 

a r t i c l e i n f o 

Article history: 

Received 12 February 2021 

Revised 22 April 2021 

Accepted 23 April 2021 

Available online 7 May 2021 

Keywords: 

Indole 

Benzimidazole 

Benzothiazole 

Urea/thiourea 

Antimicrobial 

Molecular docking 

a b s t r a c t 

Urea/thiourea derivatives with heteroaromatic scaffolds such as indole, benzimidazole, and benzothia- 

zole were designed, synthesized, and evaluated for their potential antimicrobial activity in vitro assays 

to establish against B. cereus, S. aureus, E. coli , and P. aeruginosa . Our results indicate that compounds are 

only active in gram-positive bacteria. Molecular docking studies were carried out for the most efficient 

compounds to understand the interactions with proteins involved in peptidoglycan synthesis. ADME cal- 

culations indicate that these compounds are more likely to be taken via the oral route. In summary, these 

findings may contribute to the design and development of candidates for more effective therapeutics in 

biological systems. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Urea/thiourea subunits are valuable tool for a variety of ar- 

as ranging from chemistry to drug research. In recent years, 

rea/thiourea derivatives have an attracted increasing number of 

esearch groups because of their useful chemical and biologi- 

al properties. Due to the acidity of the easily tunable NH and 

heir capacity to act as H-bond donors with the respective sub- 

trates, urea and thiourea derivatives are the most commonly used 

roups in the design of both organocatalyst and anion recep- 

ors [1–3] . As a result of the H-bonding ability, the structurally 

odified (thio)ureas have also enabled many applications in the 

eld of crystal engineering [4] , supramolecular gelation, and mem- 

rane transporters for anions [ 5 , 6 ]. At the same time, urea and

hiourea derivatives are used as the building blocks for hetero- 

yclic ring synthesis [7] . Urea and thiourea derivatives are remark- 

ble in medicinal chemistry, due to a wide array of their proper- 

ies such as anti-HIV [8] , HDL-elevating, analgesic [9] , antibacterial 

10–12] and antitumor [13] , algaecide [14] , anthelmintic [15] , ro- 

enticide [16] and plant-growth regulator [17] . They also reported 
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o have the activities such as hypnotic [18] , antifungal [19] , diuretic 

20] , antiviral [21] , anticonvulsant [22] , anti-thyroidal [23] , herbi- 

idal and insecticidal [24] , anti-inflammatory [25] , antidepressant 

26] , antiulcerogenic [27] , antiacetylcholinesterase [28] and antit- 

ypanosomal [29] . 

It is now important to design, and synthesis new effective an- 

imicrobial agents since pathogens develop rapid resistance to ex- 

sting medications. In this context, we designed and synthesized 

 series of hybrid compounds with indole, benzimidazole, and 

enzothiazole nucleus and chiral urea/thiourea moiety and evalu- 

ted based on their antimicrobial activity ( Fig. 1 ). The compounds 

ave lipophilic tails as heteroaromatic and chiral alkyl groups in 

 - and R -configuration. The urea and thiourea groups are the main 

harmacophores which can be used as hydrogen bonding domains 

omposed of NH groups, and oxygen and sulphur atoms acting as 

lectron donors. Additionally, heteroaromatic rings such as indole, 

enzimidazole, and benzothiazole were selected based on their po- 

ential biological and therapeutic activities [ 30 , 31 ]. Moreover, the 

forementioned scaffolds are frequently found as a key structural 

nit in natural products, synthetic pharmaceuticals, and agrochem- 

cals. Also, the antimicrobial screening for synthesized compounds 

as performed and molecular docking analyses of the compounds 

ere performed on two enzymes involved in peptidoglycan syn- 

hesis. To better understand the structure-activity relationship of 

he compounds studied, molecular docking, and ADME (absorption, 

https://doi.org/10.1016/j.molstruc.2021.130566
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130566&domain=pdf
mailto:deryanurerdem@atauni.edu.tr
mailto:nsarac@atauni.edu.tr
https://doi.org/10.1016/j.molstruc.2021.130566


F. Lafzi, D. Kilic, M. Yildiz et al. Journal of Molecular Structure 1241 (2021) 130566 

Scheme 1. Synthesis of urea/thiourea 4 and 5 . 

Scheme 2. Proposed reaction mechanism. 
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Scheme 3. Synthesis of urea/thiourea 8 –11 . 

Scheme 4. Synthesis of urea/thiourea 13 , and 16 –18 . 

Scheme 5. Synthesis of urea/thiourea 19 / 20 . 
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istribution, metabolism, and excretion) studies were conducted 

nd discussed. 

. Results and discussion 

.1. Chemistry 

In our first studies on urea/thiourea synthesis, 2- 

minobenzothiazole ( 1 ) and ( S )-1-phenylethyl isocyanate ( 2a ) 

ere chosen as reagents to optimize the reaction conditions. The 

eaction in solvents such as CH 2 Cl 2 , THF, DMF, and DMSO at room

emperature without a base did not produce the desired product 

 . However, the synthesis of benzothiazole-urea compound 3 in 

igh yield could be achieved by utilizing sodium hydride as a base 

n DMF at room temperature for 12 h. The synthetic procedure 

dopted to obtain the target urea/thiourea derivatives 3-5 is 

epicted in Scheme 1 . For the synthesis of thiourea enantiomeric 

airs 4 and 5 , ( S )- and ( R )-1-phenylethyl isothiocyanates were

oupled with 2-aminobenzothiazole ( 1 ) to afford the correspond- 

ng thioureas 4 and 5 under the same experimental conditions 

 Scheme 1 ). These results revealed that the DMF/NaH couple 

layed a critical role in this reaction. It is well-known that NaH 

an combine with DMF to generate NaNMe 2 in situ, which is a 

ore effective base for the deprotonation than NaH alone. We 

ypothesize that NaNMe 2 deprotonate amine group increases 

ucleophilicity of 2-aminobenzothiazole ( 1 ) ( Scheme 2 ). 

We also investigated the reactions of 2-guanidobenzimidazole 

 7 ) and 2-aminobenzimidazole ( 12 ). Both compounds were acted 

s ambident nucleophiles toward isocyanate 2a . The base free- 

eaction of 2-guanidobenzimidazole ( 7 ) with and ( S )-1-phenylethyl 

socyanate ( 2a ) gave the urea derivative 8 (85%), whereas the same 

eaction in the presence of NaH provided guanidine-isocyanate 

oupling to afford urea 9 in 76% ( Scheme 3 ). In the same way,

he thiourea derivatives 10 and 11 with ( S ) or ( R ) configuration

ere obtained in yields of 62% and 60% ( Scheme 3 ). Treatment 

f 2-aminobenzimidazole ( 12 ) with isocyanate 2a under the base- 

ree conditions provided urea 13 in a 75% yield ( Scheme 4 ). Pro-

ection of the nitrogen in the benzimidazole ring with a Boc 

roup, using Et N and Boc O, gave regioselectively compound 14 
3 2 

2 
85% yield). The Boc-protected 14 was then coupled with iso- 

yanate 2a in NaH/DMF at room temperature and deprotected with 

FA in CH 2 Cl 2 to yield the urea 16 , which was distinct spectro- 

copic properties from 13 . Reaction of 2-aminobenzimidazole ( 12 ) 

ith ( S )-1-phenylethyl isothiocyanate and ( R )-1-phenylethyl isoth- 

ocyanate did not produce the desired product 17 and 18 in similar 

eaction conditions. However, 2-aminobenzimidazole ( 12 ), when 

reated with ( S )-1-phenylethyl isothiocyanate ( 2b ) in DMSO at 100 

C, yielded the corresponding thiourea 17 in 70% (Scheme 4). 

We then focused on the synthesis of C5, C3, and C2-substituted 

ndole-based-urea/thiourea derivatives 19 - 24 ( Fig. 2 ). The urea and 

hiourea groups were linked to the indole core to yield compounds 

9 and 20 via a one-step procedure, without incident, as depicted 

n Scheme 5 . A synthetic pathway to compounds 21 and 22 was 

lanned as outlined in Scheme 6 . The key step was the synthe- 



F. Lafzi, D. Kilic, M. Yildiz et al. Journal of Molecular Structure 1241 (2021) 130566 

Scheme 6. Synthesis of urea/thiourea 21 / 22 . 
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is of intermediate 27 , by a Curtius rearrangement. In practice, 

he present synthesis of urea/thiourea 21 and 22 was executed 

traightforwardly, without any unexpected difficulties. Compounds 

1 and 22 were readily prepared in three steps from commercially 

vailable indole-3-carboxylic acid ( 25 ) using a literature procedure 

 32 , 33 ] in high yields. Curtius rearrangement of indole-3-carboxylic 

cid ( 25 ) using diphenylphosphoryl azide (DPPA) and Et 3 N in re- 

uxing benzene, followed by in situ trapping with benzyl alcohol, 

roduced the corresponding carbamate 26 . Catalytic hydrogenation 

f the benzyl group of 26 on Pd/C in methanol, followed by decar- 

oxylation, yielded 3-aminoindole ( 27 ). Since the amine 27 has not 

een purified, used directly in the next step without additional pu- 

ification to provide the urea/thiourea 21 (71%) and 22 (73%). 

However, carbamate 29 was synthesized from indole-2- 

arboxylic acid ( 28 ) via Curtius rearrangement ( Scheme 7 ). After 

atalytic hydrogenation of 29 , amine 30 was not purified. Although 

0 used directly in the next step with no additional purification, 

his approach did not work in the synthesis of urea/thiourea 23 

nd 24 . In the case of ( S )-1-phenylethyl isocyanate ( 2a ), while ( S )-

-phenylethylamine ( 31 ) was obtained as a meaningful product 

ia hydrolysis of the isocyanate 2a , the desired product 23 was 

ot obtained. All conditions experimented upon thioisocyanate re- 

ulted in recovered starting material 2b . After the failed synthe- 

is via carbamate 29 , we focused our attention on the construc- 

ion of the indole-isocyanate skeleton 28 with the corresponding 

cid 34 ( Scheme 7 ). For this purpose, the acid 28 initially re-

cted with thionyl chloride to convert acyl chloride 32 . The acyl 
Scheme 7. Synthesis attempts

3 
hloride 32 was treated with sodium azide in aqueous tetrahy- 

rofuran to give acyl azide 33 , which was subjected to the ther- 

al decomposition. Despite heating in toluene in a sealed tube at 

10 °C for 24 h, the acyl azide 33 was recovered without degra- 

ation. Surprisingly, when 33 was heated in the presence of ( S )- 

-phenylethylamine ( 31 ) under the same reaction conditions, the 

mide 35 was obtained as a sole product via nucleophilic acyl sub- 

titution. To confirm the structure of 35 as a chemical, a simi- 

ar reaction of acyl chloride 32 with amine 34 led to product 35 . 

nfortunately, all efforts to synthesize the urea/thiourea 23 and 

4 failed ( Scheme 7 ). After this attempted synthesis, we turned 

ur attention to synthesize their other analogs 39 and 40 . In this 

ontext, amine 38 was prepared in three-step from commercially 

vailable 2-iodoaniline ( 36 ), as described in the literature [ 34 , 35 ].

reatment of 2-aminoindole 38 with isocyanate 2a in THF/NaH at 

oom temperature resulted in the desired urea 39 in a low yield 

25%) ( Scheme 8 ). When 38 and thioisocyanate 2b were treated 

nder the same reaction conditions, no reaction was observed and 

he starting materials were recovered. Using bases such as NaOMe, 

DA, KF-Al 2 O 3 , and n -BuLi also did not influence the reaction. The 

eaction of 39 with a Lawesson’s reagent did not allow to the for- 

ation of the corresponding thiourea 40 . 

.2. Antibacterial activity and molecular docking 

Antibacterial activity of the synthesized compounds against 

ram-positive ( S. aureus and B. cereus ) and Gram-negative bacteria 

 E. coli and P. aeruginosa ) was determined using disc diffusion as- 

ay. The compounds ( 8 - 11 , 13 , 16 - 18 , 20 - 21 , and 39 ) indicated only

n antibacterial effect against Gram-positive bacteria. Besides, a 

icrowell dilution assay was carried out for the compounds form- 

ng the inhibition zone against S. aureus and B. cereus . The min- 

mum inhibitory concentration (MIC) values obtained as a result 

f the assay were determined for all compounds and presented in 

able 1 . The MIC values for the compounds 9 , 16 , and 20 for both

. aureus and B. cereus were determined as 62.5 μg/mL. Also, the 

IC value of compound 17 for B. cereus was 62.5 μg/mL. Interest- 

ngly, all compounds were effective only on Gram-positive, which 

ay be related to the low penetration of the compounds into the 

uter membrane of Gram-negative bacteria. 

The antibacterial effect of 2-guanidino-benzimidazole-urea 

erivative 9 was found to be more effective when compared 

ith the other thiourea derivatives ( 10 and 11 ). In addition, the 
 of urea/thiourea 23 / 24 . 
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Scheme 8. Synthesis of urea 39 . 

Fig. 1. Pharmacophoric features of target compounds. 
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hiourea derivatives ( 10 and 11 ) with R - or ( S )-configuration ex-

ibited similar antibacterial effects. It was determined that the 

enzimidazole-urea 16 and the benzimidazole-thiourea 17 with 

 -configuration significantly inhibited bacterial growth compared 

o the benzimidazole-thiourea 18 with R -configuration. The C3- 

ubstituted indole-thiourea 22 and C5-substituted indole-urea 19 

howed no antibacterial effect. Moreover, the antibacterial ac- 

ivity of the C3-substituted indole-urea 21 and C2-substituted 

ndole-urea compound 39 with the nitrile group was very less. 

owever, C5-substituted indole-thiourea 20 was the most effec- 

ive of the urea/thiourea derivatives bearing indole scaffolds. The 

enzothiazole-urea 3 and the benzothiazole-thiourea derivatives ( 4 

nd 5 ) with either R - or S -configurations had no antibacterial prop-

rties. 

The N -substituted 2-aminobenzimidazole 13 was more effective 

han the N -substituted 2-guanidobenzimidazole 8 against Gram- 

ositive bacteria. It was concluded that S. aureus was more resis- 

ant against the compounds ( 13 and 17 ), and B. cereus was more 

esistant against the compounds ( 10 , 11 , and 21 ). On the other

and, none of the substances showed any antibacterial effect on 

ram-negative bacteria. This selective antibacterial activity may be 
Fig. 2. Structures of target urea/thiourea

4 
ue to differences in the cell wall structure of Gram-negative and 

ram-positive bacteria [ 36 , 37 ]. Similarly, some azo-based deriva- 

ives of calix[4]arene have been reported to have antibacterial ac- 

ivity only against Gram-positive strains [38] . However, some of the 

ynthesized sulfanilamide-thiourea hybrids exhibited effective an- 

ibacterial activity against Gram-positive and Gram-negative bacte- 

ia [39] . 

Bacterial transpeptidase and transglycosylase are essential en- 

ymes for cell wall synthesis. Consequently, the search for antibi- 

tics targeting them nowadays continues [40] . In this study, the 

elective behavior of the synthesized compounds suggests that the 

eptidoglycan synthesis process is disrupted. Therefore, the inter- 

ction between the most active synthesized compounds and these 

wo enzymes that play an important role in peptidoglycan syn- 

hesis has been determined through molecular docking studies. 

he crystal structures of S. aureus membrane-bound transglycosy- 

ase in complex with moenomycin (PDB ID: 3VMR) and S. aureus 

enicillin-binding protein 3 (PBP3) in complex with cefotaxime 

PDB ID: 3VSL) were selected from the protein database for in sil- 

co studies [ 40 , 41 ]. In our current study, molecular docking was

ccomplished by adding the compounds into the binding site of 

oenomycin for transglycosylase and cefotaxime for the transpep- 

idation domain to recognize the possible binding mode and key 

ctive site interactions. While moenomycin is known as a natural 

ccurring product that directly inhibits the function of transglyco- 

ylase, cefotaxime is known as an antibiotic that inhibits transpep- 

idase activity. Therefore, moenomycin and cefotaxime were used 

s reference molecules for the docking study. The results of the 

ocking studies for compounds with antimicrobial effect ( 9 , 16 , 

nd 20 ) were compared to reference molecules. 

When the docking results of moenomycin, 9 , 16 , and 20 

olecules were examined, it was determined that the moenomycin 

reated a hydrogen bonds interaction with the Val 223, Asn 141, 

ys 140, and Asp 127 residue. Compound 9 formed hydrogen bonds 

ith the Val 223, Asn 141, Lys 140, and Asn 224 residue and pi- 

ation interaction with Arg 148. The compound 16 formed hydro- 

en bonds with the Val 223, Asn 141, and Lys 140. Lastly, com- 

ound 20 made hydrogen bonds with the Asn 141, and Lys 140. 
 19 –24 containing an indole ring. 
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Table 1 

The MICs of the most active compounds in μg/mL. 

Compound 

no Structure 

Antibacterial Activity MIC in μg/mL 

Gram-positive Gram-negative 

S. aureus B. cereus E. coli P. aeruginosa 

8 > 1000 > 1000 - - 

9 62.5 62.5 - - 

10 > 1000 - - - 

11 > 1000 - - - 

13 500 250 - - 

16 62.5 62.5 - - 

17 250 62.5 - - 

18 > 1000 > 1000 - - 

20 62.5 62.5 - - 

21 > 1000 - - - 

39 > 1000 > 1000 - - 

Chl 7.8 7.8 - - 

Chl: Chloramphenicol, (-): Not determined 

1  

m

1  

T

a

n

1  

1

1

w

1

i

c

a

1

The residues Ser 227, Asn 224, Asn 141, Gln 137, Ser 132, Gln 

29, Thr 122, Asn 185, Asn 179, Asn 146, Ser 149, and Gln 136

ade polar interactions with moenomycin, while the residues Tyr 

81, Ile 180, Pro 226, Ala 225, Val 223, Tyr 176, Val 128, Ala 118,

yr 187, Leu 119, Val 228 and Val 138 created hydrophobic inter- 

ctions. Furthermore, in the moenomycin binding site, positive and 

egative charge interactions were found with Arg 126, Lys 153, Arg 

52, Lys 140, Arg 148, and Asp 127, Glu 100, Glu 156, Asp 147, Asp

45, Asp 184 residues, respectively. 
5 
The residues Ser 227, Asn 224, Asn 141, Gln 137, Ser 132, Gln 

29, and Thr 122 procuded polar interactions with compound 9 , 

hile the residues Tyr 181, Ile 180, Pro 226, Ala 225, Val 223, Tyr 

76, Val 128, Ala 118, Tyr 187 and Leu 119 formed hydrophobic 

nteractions. In addition, in the binding site, positive and negative 

harge interactions were determined with Lys 140, Arg 148, Lys 153 

nd Asp 127, Asp 145, and Glu 100 residues, respectively. 

The residues Ser 227, Asn 224, Asn 141, Gln 137, Ser 132, Gln 

29 Thr 122 and Asn 179 created polar interactions with com- 
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Fig. 3. 2D and 3D docking pose showing interaction for the compound MOE in the binding site of Staphylococcus aureus membrane-bound transglycosylase crystal structure 

(PDB ID:3VMR). 

Fig. 4. 2D and 3D docking pose showing interaction for the compound 9 in the binding site of Staphylococcus aureus membrane-bound transglycosylase crystal structure 

(PDB ID:3VMR). 
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ound 16 , while the residues Tyr 181, Ile 180, Pro 226, Val 223,

yr 176, Val128, Tyr 187, Met 99 and Tyr 144 made hydrophobic 

nteractions. Additionally, in the binding site, positive and negative 

harge interactions were found with Lys 140, Arg 148, and Asp 127, 

lu 100, Asp 145 residues, respectively. 

The residues Asn 224, Asn 141, Gln137, Ser 132, Gln 129, Asn 

79, and Asn 185 formed polar interactions with compound 20 , 

hile the residues Tyr 181, Ile 180, Pro 226, Val 223, Tyr 176, Tyr 

87, Tyr 142, Val 138 and Ile 76 caused hydrophobic interactions. 

lso, in the binding site, positive and negative charge interactions 

ere determined with Arg 148, Lys 140, and Asp 145, Glu 100 

esidues, respectively. 

These docking results revealed that the three compounds ( 9 , 16 , 

nd 20 ) interacted with several common residues (Ser 227, Asn 

24, Asn 141, Gln 137, Ser 132, Gln 129 and Thr 122, Tyr 181, Ile

80, Pro 226, Val 223, Tyr 176) when compared to the reference 

olecule. As a result, when the bonds and interactions made by 

he reference molecule (moenomycin) and the compounds in the 

ransglycosylase inhibitor binding site are compared, no significant 

ifference was observed in terms of the bonds formed. But it was 

etected that the polar interactions of the compounds were much 

ower than the reference molecule. Figs. 3–6 represents the docked 
6 
oses of moenomycin, 9 , 16 , and 20 compounds in the transglyco- 

ylase as two and three dimensions, respectively. 

In the covalent docking study, the bindings are as follows. Cefo- 

axime formed hydrogen bonds interaction with Ser 448, Thr 621, 

hr 603, Gln 524 residues, and covalent bonding with Ser 392. 

ompound 9 created hydrogen bonds with the Ser 448, Thr 621 

esidues, and covalent bonding with Ser 392. Compound 16 formed 

ydrogen bonds with the Thr 621 and covalent bonding with Ser 

92. Lastly, compound 20 made hydrogen bonds with the Asn 450, 

er 448, and covalent bonding with Ser 392. 

The residues Thr 621, Ser 392, Gln 524, Ser 429, Asn 450, Ser 

48, Thr 603, and Thr 619 had polar interactions with cefotaxime, 

hereas the residues Pro 660, Pro 659, Val 632, and Tyr 430 cre- 

ted hydrophobic interactions. Additionally, positive and negative 

harge interactions were found with Lys 618, Lys 395, and Glu 623 

esidues, in the cefotaxime-binding site, respectively. 

The residues Thr 621, Ser 392, Gln 524, Ser 429, Asn 450, and 

er 448 formed polar interactions with compound 9 , while the 

esidues Pro 660, Ala 622, Ile 522, Phe 454, and Tyr 430 produced 

ydrophobic interactions. In addition, in the binding site, positive 

nd negative charge interactions were determined with Lys 395 

nd Glu 623 residues, respectively. 
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Fig. 5. 2D and 3D docking pose showing interaction for the compound 16 in the binding site of Staphylococcus aureus membrane-bound transglycosylase crystal structure 

(PDB ID:3VMR). 

Fig. 6. 2D and 3D docking pose showing interaction for the compound 20 in the binding site of Staphylococcus aureus membrane-bound transglycosylase crystal structure 

(PDB ID:3VMR). 
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The residues Thr 621, Ser 392, Gln 524, Ser 429, Asn 450, Ser 

48, Thr 619, and Thr 603 caused polar interactions with com- 

ound 16 , while the residues Pro 660, Ala 622, Ile 522, and Tyr 430

ormed hydrophobic interactions. Also, in the binding site, positive 

nd negative charge interactions were found with Lys 618, Lys 395, 

nd Glu 623 residues, respectively. 

The residues Thr 621, Ser 392, Gln 524, Ser 429, Asn 450, Ser 

48, Thr 603, and Thr 619 made polar interactions with compound 

0 , whereas the residues Pro 660, Val 632, Tyr 430, Ile 522, and Ala

22 formed hydrophobic interactions. Also, in the binding site, pos- 

tive and negative charge interactions were determined with Lys 

18, Lys 395, Arg 428, and Glu 623 residues, respectively. Figs. 7–

0 represent the docked poses of cefotaxime, 9 , 16 , and 20 com- 

ounds in the transpeptidase as two and three dimensions, respec- 

ively. 

When covalent docking results of the reference molecule (cefo- 

axime) and the compounds in the transpeptidase inhibitor bind- 

ng site were examined, no significant difference was observed 

n terms of the bonds formed. Besides, it should be noted that 

he compounds are capable of covalent docking with the Ser 392 

esidue. 
7 
.3. In silico ADME 

The ability to absorb quickly and completely in the gastroin- 

estinal tract, to be metabolized in a way that does not eliminate 

ts activity immediately, and to be eliminated properly without 

ausing any harm, are the ideal properties for oral drugs. Pharma- 

okinetic properties such as absorption, distribution, metabolism, 

nd excretion (ADME), which can vary depending on the chemical 

roperties of the molecule, are important for the usability of the 

ompounds in human therapy [42] . 

ADME calculations of the compounds were done using QikProp 

nd presented in Table 2 . The #stars indicate the number of prop- 

rties or identifiers outside the 95% range of similar values for 

nown drugs. The high number of stars in molecules indicates that 

t is less drug-like. The number of stars was 0 for all the com- 

ounds. In the Lipinski rules, which also take into account the 

ydrogen bond donor-hydrogen bond acceptor atoms, molecular 

ass, and octanol-water distribution coefficients, no deviation was 

bserved for all compounds. Also, the number of deviations from 

he Jorgensen rule for these compounds was calculated as 0. These 
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Fig. 7. 2D and 3D docking pose showing interaction for the Cefotaxime in the active site of Staphylococcus aureus transpeptidase domain crystal structure (PDB ID:3VSL). 

Fig. 8. 2D and 3D docking pose showing interaction for the compound 9 in the active site of Staphylococcus aureus transpeptidase domain crystal structure (PDB ID:3VSL). 

Fig. 9. 2D and 3D docking pose showing interaction for the compound 16 in the active site of Staphylococcus aureus transpeptidase crystal structure (PDB ID:3VSL). 
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Fig. 10. 2D and 3D docking pose showing interaction for the compound 20 in the active site of Staphylococcus aureus transpeptidase crystal structure (PDB ID:3VSL) 

Table 2 

ADME prediction within Qikprop. 

Compounds #stars QPlogBB QPlogPo/w QPlogHERG QPPCaco QPPMDCK QPlogKp QPlogKhsa 

Percent of Human 

Oral Absorption 

Rule of Five 

(Lipinski rule) 

Rule of Three 

(Jorgensen rule) 

Acceptable 

range 0 (–3.0 to 1.2) (–2.0 to 6.5) > -5 

< 25 poor, 

> 500 great 

< 25 poor, 

> 500 great (–8.0 to –1.0) –1.5 to 1.5 

> 80% is high 

< 25% is poor max is 4 max is 3 

3 0 −105 3.287 −4.720 1705.809 2514.070 −1.083 64 100.000 0 0 

4 0 234 4.257 −6.224 4236.346 8089.655 −668 382 100.000 0 0 

5 0 185 4.227 −6.187 3843.097 7023.390 −758 388 100.000 0 0 

8 0 −1.427 1.361 −4.574 133.253 86.496 −3.253 −354 72.940 0 0 

9 0 −1.356 2.530 −5.189 199.184 133.285 −2.785 23 82.911 0 0 

10 0 −1.318 2.842 −6.840 324.612 291.866 −2.628 78 88.534 0 0 

11 0 −1.317 2.841 −6.839 324.471 291.644 −2.629 78 88.527 0 0 

13 0 −583 2.669 −4.053 655.255 471.332 −2.002 33 92.984 0 0 

16 0 −534 3.115 −4.686 837.485 630.757 −1.665 163 100.000 0 0 

17 0 −249 3.497 −6.203 1902.375 1825.422 −1.331 243 100.000 0 0 

18 0 −225 3.495 −6.161 1986.467 1916.486 −1.299 237 100.000 0 0 

19 0 −342 3.259 −4.768 1354.009 1001.998 −1.228 126 100.000 0 0 

20 0 −12 4.230 −6.184 3162.658 3101.947 −830 461 100.000 0 0 

21 0 −296 3.266 −4.641 1458.417 1089.459 −1.171 121 100.000 0 0 

22 0 −38 4.056 −5.700 2820.325 2690.960 −1.018 423 100.000 0 0 

39 0 −994 3.310 −4.870 366.393 260.413 −2.263 314 92.216 0 0 

Chl 0 −1.462 1.095 −2.886 70.223 180.003 4.368 −821 66.406 0 0 
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esults indicate that the compounds are more likely to be taken 

rally. 

The compounds have QikProp parameters within the acceptable 

ange, except for (QPlogHERG, QPlogBB, QPlogKp, and QPlogKhsa) 

arameters. The factors such as blood-brain barrier (BBB), perme- 

bility (apparent Caco-2 permeability, apparent MDCK permeabil- 

ty, logKp for skin permeability), and volume of distribution and 

inding to plasma proteins (logKhsa for serum protein binding) are 

ssociated with the distribution of compounds in the human body. 

he calculations have shown that 8 - 11 compounds and reference 

ompound (Chloramphenicol) have the ability of BBB penetrate, 

hile the other compounds do not have the ability of BBB pen- 

trate. As is known, not all compounds can penetrate the blood- 

rain barrier, which ensures that these molecules have low or no 

entral nervous system side effects. It is seen that the predicted 

entral nervous system activity values of all the compounds are 

nactive or low. The logKp values representing the predicted skin 

ermeability are in the range (-8.0 – -1.0), excluding compounds 

 - 5 , 20 , and reference compound. The degree of binding of a drug

o proteins in the blood plasma can affect the effectiveness of the 
t

9 
rug [43] . When the QPlogKhsa values obtained are analyzed, it is 

bserved that all of the compounds have high prediction values for 

inding to human serum albumin. This may cause the amount of 

hese molecules to decrease in the bloodstream. These results will 

elp to design and develop more effective drug candidates in the 

iological system. 

. Conclusion 

In the present study, eleven novel chiral urea/thiourea deriva- 

ives bearing indole, benzimidazole, and benzothiazole scaffolds 

ave been designed, synthesized, and screened for their antimicro- 

ial properties. It was found that all synthesized compounds indi- 

ated the antibacterial effect only against S. aureus and B. cereus. 

esides, the docking results revealed that these compounds are 

redicted to have antimicrobial effects by disrupting the process of 

eptidoglycan synthesis, which will lead to the idea of designing 

ew derivatives that contain groups capable of more polar interac- 

ions and covalently bond with the serine amino acid. 
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. Experimental section: materials and methods 

.1. General information 

All reagents and solvents were purchased from commercial sup- 

liers and used without further purification. Column chromatog- 

aphy and thin-layer chromatography (TLC) were performed using 

ilica gel 60 (70–230 Fluka) and silica gel 60 HF 254 (Fluka), re- 

pectively. Melting points were carried out on a Buchi 539 cap- 

llary melting apparatus and uncorrected. 1 H NMR and 

13 C NMR 

pectra were recorded on 40 0 (10 0)-MHz Varian and Bruker spec- 

rometer and are reported in δ units with SiMe 4 as the internal 

tandard. Enantiomeric purity for enantioselective syntheses was 

etermined by chiral HPLC (Hewlett Packard 1200) analysis using 

n enantiopure stationary phase (Daicel Chiralcel OD, OJ), eluting 

ith i-PrOH/hexane, and using UV detection at 254 nm. 

.2. Syntheses 

.2.1. (S)-1-(Benzo[d]thiazol-2-yl)-3-(1-phenylethyl)urea ( 3 ) 

To a stirred solution of benzo[ d ]thiazol-2-amine (500 mg, 3.33 

mol) in DMF (10 mL) NaH (55-60%) (133 mg, 3.33 mmol) was 

dded to the solution, followed by ( S )-(1-isocyanatoethyl)benzene 

490 mg, 3.33 mmol). The reaction was stirred for 12 h at room 

emperature. The reaction mixture was quenched with water and 

hen extracted with EtOAc (3 × 20 mL). The combined organic layer 

as dried over Na 2 SO 4 and concentrated under reduced pres- 

ure. The residue was purified by column chromatography (Hex- 

ne/ EtOAc = 7:3) to give compound 3 as a light yellow solid (225

g, 95%) (Mp: 139-140 °C). 1 H NMR (400 MHz, CDCl 3 ): δ 11.12 (bs, 

H), 7.73 – 7.70 (m, 2H), 7.40 – 7.21 (m, 7H), 5.08 (p, J = 7.0 Hz, 1H),

.56 (d, J = 7.0 Hz, 3H). 13 C NMR (100 MHz, CDCl 3 ): δ 161.8, 154.1,

43.5 (2C), 130.9, 128.7, 127.3, 126.1, 125.9, 123.4, 121.3, 120.0, 50.2, 

3.0. HPLC (OJ column; hexane/2-propanol = 75/25; flow rate 1.0 

L/ min; T = 25 °C; 254 nm): t R -(-) = 11.9 min. Enantiomeric rate:

 + ) = 0.0 and (-) = 100.0. 

.2.2. (S)-1-(Benzo[d]thiazol-2-yl)-3-(1-phenylethyl)thiourea ( 4 ) 

Prepared according to the synthesis procedure of 3 us- 

ng benzo[ d ]thiazol-2-amine (500 mg, 3.33 mmol) and ( S )-(1- 

sothiocyanatoethyl)benzene (543 mg, 3.33 mmol). Purification was 

arried out by column chromatography using silica gel (Hexane/ 

tOAc = 7:3) to afford the title compound 4 (850 mg, 86%) as a 

ight yellow solid (Mp: 194-195 °C). 1 H NMR (400 MHz, CDCl 3 ): δ
1.73 (bs, 1H), 10.84 (bs, 1H), 7.71 – 7.64 (m, 2H), 7.46 (d, J = 7.4 Hz,

H), 7.44 – 7.35 (m, 3H), 7.34 – 7.24 (m, 2H), 5.69 (p, J = 6.9 Hz, 1H),

.73 (d, J = 6.9 Hz, 3H). 13 C NMR (100 MHz, CDCl 3 ): δ 177.0, 160.5,

42.3 (2C), 129.8, 128.8, 127.5, 126.5, 126.3, 124.4, 121.3, 120.7, 55.3, 

2.3. HPLC (OJ column; hexane/2-propanol = 75/25; flow rate 1.0 

L/ min; T = 25 °C; 254 nm): t R -(-) = 10.2 min. Enantiomeric rate:

 + ) = 100.0 and (-) = 0.0. 

.2.3. (R)-1-(Benzo[d]thiazol-2-yl)-3-(1-phenylethyl)thiourea ( 5 ) 

Prepared according to the synthesis procedure of 3 us- 

ng benzo[ d ]thiazol-2-amine (200 mg, 1.33 mmol) and ( R )-(1- 

sothiocyanatoethyl)benzene (2217 mg, 1.33 mmol). Purification 

as carried out by column chromatography using silica gel 

Hexane/ EtOAc = 7:3) to afford the title compound 5 (480 

g, 82%) as a light yellow solid (Mp: 194-195 °C). ( R )-1- 

Benzo[ d ]thiazol-2-yl)-3-(1-phenylethyl)thiourea ( 5 ) have similar 

xperimental and spectral data with ( S )-1-(benzo[ d ]thiazol-2-yl)-3- 

1-phenylethyl)thiourea ( 4 ). 
10 
.2.4. (S)-2-Guanidino-N-(1-phenylethyl)-1H-benzo[d]imidazole-1- 

arboxamide 

 8 ) 

To a stirred solution of 1-(1 H -benzo[ d ]imidazol-2-yl)guanidine 

500 mg, 2.85 mmol) in DMF (10 mL) was added ( S )-(1- 

socyanatoethyl)benzene (420 mg, 2.85 mmol) and stirred at room 

emperature for 12 h. After the reaction is over (monitored by TLC) 

ater (20 mL) was added and the mixture extracted with EtOAc 

3 × 20 mL). The combined organic layer was dried over Na 2 SO 4 

nd concentrated under reduced pressure. The residue was puri- 

ed by column chromatography (CH 2 Cl 2 /MeOH = 9:1) to give com- 

ound 8 as an off-white solid (790 mg, 85%) (Mp: 88-89 °C). 1 H 

MR (400 MHz, CDCl 3 ): δ 10.91 (d, J = 6.5 Hz, 1H), 8.19 (d, J = 7.8

z, 1H), 7.44 – 7.35 (m, 5H), 7.29 – 7.24 (m, 1H), 7.23 – 7.10 (m, 

H), 5.97 (bs, 3H), 5.11 (p, J = 6.8 Hz, 1H), 1.63 (d, J = 6.8 Hz, 3H).
3 C NMR (100 MHz, CDCl 3 ): δ 157.7, 155.2, 152.4, 143.9, 140.5, 

31.3, 128.8, 127.4, 126.0, 123.2, 122.1, 116.3, 115.0, 50.3, 23.0. HPLC 

OJ column; hexane/2-propanol = 80/20; flow rate 1.0 mL/ min; 

 = 25 °C; 254 nm): t R -(-) = 33.8 min. Enantiomeric rate: ( + ) = 0.0

nd (-) = 100.0. 

.2.5. (S)-N-[N-(1H-benzimidazol-2-yl)carbamimidoyl]-N’-[1- 

henylethyl]urea 

 9 ) 

Prepared according to the synthesis procedure of 3 using 1- 

1 H -benzo[ d ]imidazol-2-yl)guanidine (500 mg, 2.85 mmol) and 

 S )-(1-isocyanatoethyl)benzene (420 mg, 2.85 mmol). Purifica- 

ion was carried out by column chromatography using silica gel 

CH 2 Cl 2 /MeOH = 8:2) to afford the title compound 9 (700 mg, 

6%) as an off-white solid (Mp: 127-128 °C). 1 H NMR (400 MHz, 

cetone-d 6 ): δ 9.66 (bs, 2H), 8.21 (bs, 1H), 7.9 (bs, 1H), 7.44 – 7.22 

m, 7H), 7.04 (dd, J = 5.8, 3.2 Hz, 2H), 5.03 (p, J = 7.0 Hz, 1H), 1.52

d, J = 7.0 Hz, 3H). 13 C NMR (100 MHz, Acetone-d 6 ): δ 155.7 (2C),

55.1, 145.5 (2C), 129.3 (2C), 127.8, 126.8 (2C), 121.4 (2C), 50.3, 23.2. 

.2.6. (S)-N-[N-(1H-benzimidazol-2-yl)carbamimidoyl]-N’-[1- 

henylethyl]thiourea 

 10 ) 

Prepared according to the synthesis procedure of 3 using 1- 

1 H -benzo[ d ]imidazol-2-yl)guanidine (500 mg, 2.85 mmol) and 

 S )-(1-isothiocyanatoethyl)benzene (465 mg, 2.85 mmol). Purifica- 

ion was carried out by column chromatography using silica gel 

CH 2 Cl 2 /MeOH = 8:2) to afford the title compound 10 (600 mg, 

2%) as an off-white solid (Mp: 159-160 °C). 1 H NMR (400 MHz, 

DCl 3 ) δ 12.23 (bs, 1H), 9.92 (bs, 1H), 8.21 (bs, 1H), 7.44 – 7.28 (m, 

H), 7.16-7.14 (m, 2H), 5.53 (p, J = 6.9 Hz, 1H), 1.69 (d, J = 6.9 Hz,

H). 13 C NMR (100 MHz, CDCl 3 ) δ 178.3, 153.8, 153.1 (2C), 142.3 

2C), 128.9 (2C), 127.7, 126.4 (2C), 121.9 (2C), 55.1, 21.9. 

.2.7. (R)-N-[N-(1H-benzimidazol-2-yl)carbamimidoyl]-N’-[1- 

henylethyl]thiourea 

 11 ) 

Prepared according to the synthesis procedure of 3 using 

-(1 H -benzo[ d ]imidazol-2-yl)guanidine (200 mg, 1.14 mmol) and 

 R )-(1-isothiocyanatoethyl)benzene (186 mg, 1.14 mmol). Purifica- 

ion was carried out by column chromatography using silica gel 

CH 2 Cl 2 /MeOH = 8:2) to afford the title compound 11 (235 mg, 

0%) as an off-white solid (Mp: 159-160 °C). R -thiourea 11 has sim- 

lar experimental and spectral data with S -thiourea 10 . 

.2.8. 

S)-2-Amino-N-(1-phenylethyl)-1H-benzo[d]imidazole-1-carboxamide 

 13 ) 

To a stirred solution of 1 H -benzo[ d ]imidazol-2-amine (500 

g, 3.76 mmol) in DMF (10 mL) at 0 °C, was added ( S )-(1-

socyanatoethyl)benzene (552 mg, 3.76 mmol) and stirred at the 
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ame temperature for 6 h. After the reaction is over (monitored 

y TLC) water (30 mL) was added and the mixture extracted with 

tOAc (3 × 20 mL). The combined organic layer was dried over 

a 2 SO 4 and concentrated under reduced pressure. The residue was 

urified by column chromatography (Hexane/ EtOAc = 7:3) to give 

ompound 13 as an off-white solid (790 mg, 75%) (Mp: 109-110 

C). 1 H NMR (400 MHz, CDCl 3 ) δ 7.42 – 7.32 (m, 5H), 7.27-7.25 (m, 

H), 7.23-7.19 (m, 1H), 7.09 – 7.04 (m, 1H), 6.17 (bs, 2H), 6.12 (bs, 

H), 5.20 (p, J = 6.9 Hz, 1H), 1.69 (d, J = 6.9 Hz, 3H). 13 C NMR (100

Hz, CDCl 3 ) δ 154.3, 151.4, 143.0, 142.0, 129.8, 129.1, 128.0, 126.1, 

24.2, 120.5, 117.3, 110.0, 50.9, 22.0. HPLC (OJ column; hexane/2- 

ropanol = 75/25; flow rate 1.0 mL/ min; T = 25 °C; 254 nm): t R -

 + ) = 11.2 min. Enantiomeric rate: ( + ) = 100.0 and (-) = 0.0. 

.2.9. tert-Butyl 2-amino-1H-benzo[d]imidazole-1-carboxylate ( 14 ) 

To a stirred solution of 1 H -benzo[ d ]imidazol-2-amine (500 mg, 

.76 mmol) in DMF (10 mL) Et 3 N (0.5 mL, 3.76 mmol) was added

o the solution, followed by di- tert -butyl dicarbonate (820 mg, 3.76 

mol). The reaction was stirred for 6 h at room temperature. The 

eaction mixture was quenched with water and then acidified with 

itric acid (pH = 3), and extracted with EtOAc (3 × 20 mL). The com- 

ined organic layer was dried over Na 2 SO 4 and concentrated under 

educed pressure. The residue was purified by column chromatog- 

aphy (Hexane/ EtOAc = 8:2) to give compound 14 as a light yellow 

olid (750 mg, 85%) (Mp: 155-156 °C). 1 H NMR (400 MHz, CDCl 3 ) 

7.61 (d, J = 7.8 Hz, 1H), 7.32 (d, J = 7.8 Hz, 1H), 7.19 (t, J = 7.8 Hz,

H), 7.05 (t, J = 7.8 Hz, 1H), 6.81 (bs, 2H), 1.71 (s, 9H). 13 C NMR

100 MHz, CDCl 3 ) δ 154.2, 150.7, 142.3, 130.3, 124.3, 120.6, 116.2, 

13.9, 85.8, 28.1. 

.2.10. tert-Butyl 

S)-2-(3-(1-phenylethyl)ureido)-1H-benzo[d]imidazole-1-carboxylate 

 15 ) 

To a stirred solution of tert -butyl 2-amino-1 H - 

enzo[ d ]imidazole-1-carboxylate (750 mg, 3.22 mmol) in DMF 

10 mL) was added ( S )-(1-isocyanatoethyl)benzene (473 mg, 3.22 

mol) and stirred at room temperature for 48 h. After the reac- 

ion is over (monitored by TLC) water (20 mL) was added and the 

ixture extracted with EtOAc (3 × 20 mL). The combined organic 

ayer was dried over Na 2 SO 4 and concentrated under reduced 

ressure. The residue was purified by column chromatography 

Hexane/ EtOAc = 7:3) to give compound 15 as an off-white solid 

90 0 mg, 73%). 1 H NMR (40 0 MHz, CDCl 3 ) δ 9.70 (d, J = 7.7 Hz, 1H),

.52 (br, 1H), 7.69 (d, J = 7.7 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.43

d, J = 7.7 Hz, 2H), 7.37-7.33 (m, 2H), 7.31 – 7.15 (m, 3H), 5.17 (p,

 = 7.0 Hz, 1H), 1.71 (s, 9H), 1.62 (d, J = 7.0 Hz, 3H). 13 C NMR (100

Hz, CDCl 3 ) δ 152.2, 150.1, 148.2, 143.9, 140.2, 129.4, 128.6, 127.1, 

26.0, 124.8, 122.9, 117.8, 114.4, 87.4, 50.0, 28.0, 23.2. 

.2.11. (S)-1-(1H-Benzo[d]imidazol-2-yl)-3-(1-phenylethyl)urea ( 16 ) 

The N -Boc-derivative 15 (900 mg, 3.22 mmol) was dissolved in 

ichloromethane (10 mL) and then was added TFA (0.5 mL). The 

eaction mixture was stirred for 4h at ambient temperature, sol- 

ent was removed under reduced pressure. The residue was dis- 

olved in EtOAc (40 mL) and washed with saturated NaHCO 3 (20 

L) and brine. The combined organic layer was dried over Na 2 SO 4 

nd the solvent was evaporated to afford pure compound as an 

ff-white solid (500 mg, 75%) (Mp: 86-87 °C). 1 H NMR (400 MHz, 

DCl 3 ) δ 10.81 (bs, 2H), 7.35 – 7.18 (m, 7H), 7.12 – 7.04 (m, 2H), 

.03 (bs, 1H), 5.00 (p, J = 7.0 Hz, 1H), 1.48 (d, J = 7.0 Hz, 3H).
3 C NMR (100 MHz, CDCl 3 ) δ 154.9 (2C), 149.7, 143.5 (2C), 128.7 

2C), 127.4 (2C), 125.9 (2C), 121.8, 49.9, 22.6. HPLC (OJ column; 

exane/2-propanol = 80/20; flow rate 1.0 mL/ min; T = 25 °C; 254 

m): t -(-) = 8.4 min. Enantiomeric rate: ( + ) = 0.0 and (-) = 100.0. 
R 

11 
.2.12. (S)-1-(1H-Benzo[d]imidazol-2-yl)-3-(1-phenylethyl)thiourea 

 17 ) 

To a stirred solution of 1 H -benzo[ d ]imidazol-2-amine 

500 mg, 3.76 mmol) in DMSO (10 mL) was added ( S )-(1- 

sothiocyanatoethyl)benzene (613 mg, 3.76 mmol) and stirred at 

00 °C for 12 h. The reaction mixture cooled to room temperature, 

ater was added and extracted with EtOAc (3 × 20 mL). The 

ombined organic layer was dried over Na 2 SO 4 and concentrated 

nder reduced pressure. The residue was purified by column 

hromatography (Hexane/ EtOAc = 7:3) to give compound 17 as 

 white solid (780 mg, 70%) (Mp: 186-187 °C). 1 H NMR (400 

Hz, CDCl 3 ): δ 10.94 (br, 2H), 7.33-7.25 (m, 5H), 7.2-7.19 (m, 2H), 

.1-7.06 (m, 2H), 5.99 (br, 1H), 4.9 (p, J = 7.0 Hz, 1H), 1.47 (d, J = 7.0

z, 3H). 13 C NMR (100 MHz, CDCl 3 ): δ 154.9 (2C), 149.8, 143.4 

2C), 128.8 (2C), 127.5(2C), 126.0(2C), 121.9, 50.0, 22.5. HPLC (OJ 

olumn; hexane/2-propanol = 70/30; flow rate 1.0 mL/ min; T = 25 

C; 254 nm): t R -( + ) = 5.6 min. Enantiomeric rate: ( + ) = 100.0 and

-) = 0.0. 

.2.13. (R)-1-(1H-Benzo[d]imidazol-2-yl)-3-(1-phenylethyl)thiourea 

 18 ) 

Prepared according to the synthesis procedure of 17 using 

 H -benzo[ d ]imidazol-2-amine (200 mg, 1.50 mmol) and ( R )-(1- 

sothiocyanatoethyl)benzene (245 mg, 1.50 mmol). Purification was 

arried out by column chromatography using silica gel (Hexane/ 

tOAc = 8:2) to afford the title compound 18 (312 mg, 70%) as an 

ff-white solid (Mp: 186-187 °C). R -18 has similar experimental 

nd spectral data with S -17. 

.2.14. (S)-1-(1H-Indol-5-yl)-3-(1-phenylethyl)urea ( 19 ) 

To a stirred solution of ( S )-(1-isocyanatoethyl)benzene (113.3 

g, 0.75 mmol) in CH 2 Cl 2 (10 mL) was added 1 H -indol-5-amine 

100 mg, 0.84 mmol) and stirred at room temperature for 12 h. 

he solvent was removed under reduced pressure and the residue 

as recrystallized from CH 2 Cl 2 /MeOH to give compound 19 as a 

ight brown solid (200 mg, 95%) (Mp: 216.5-217.5 °C). 1 H NMR (400 

Hz, MeOD) δ 7.52 (d, J = 2.4 Hz, 1H), 7.41 – 7.27 (m, 6H), 7.27 –

.16 (m, 2H), 7.02 (dd, J = 8.7, 2.0 Hz, 1H), 6.38 (d, J = 2.4 Hz, 1H),

.02 – 4.79 (m, 1H), 1.46 (d, J = 7.0 Hz, 3H). 13 C NMR (100 MHz,

eOD) δ 158.6, 146.3, 134.8, 134.8, 131.9, 129.6, 128.0, 126.9, 126.4, 

17.8, 113.8, 112.2, 102.3, 50.7, 23.5. 

.2.15. (S)-1-(1H-Indol-5-yl)-3-(1-phenylethyl)thiourea ( 20 ) 

Prepared according to the synthesis procedure of 19 us- 

ng 1 H -indol-5-amine (100 mg, 0.75 mmol) and ( S )-(1- 

sothiocyanatoethyl)benzene (124 mg, 0.75 mmol). Purification 

as carried out by column chromatography using silica gel (Hex- 

ne/ EtOAc = 8:2) to afford the title compound 20 (205 mg, 92%) 

s a light brown solid (Mp: 94.5-95.5 °C). 1 H NMR (400 MHz, 

eOD) δ 7.36 – 7.26 (m, 2H), 7.25 – 7.15 (m, 5H), 7.15 – 7.04 (m, 

H), 6.85 (dd, J = 8.5, 1.9 Hz, 1H), 6.34 (d, J = 2.8 Hz, 1H), 5.60 –

.49 (m, 1H), 1.33 (d, J = 6.9 Hz, 3H). 13 C NMR (100 MHz, MeOD) δ
81.8, 144.8 (2C), 136.5, 130.0, 129.5, 128.1, 127.3 (2C), 121.0, 119.0, 

13.1, 102.8, 55.1, 22.0. 

.2.16. Benzyl (1H-indol-3-yl)carbamate ( 26 ) 

Diphenylphosphoryl azide (3.21 mL, 14.89 mmol) and Et 3 N 

2.08 mL, 12.89 mmol) were added to a stirred solution of 1 H - 

ndole-3-carboxylic acid (2.0 g, 12.41 mmol) in benzene (40 mL). 

fter the mixture was stirred at room temperature for 24 h, benzyl 

lcohol (3. 86 mL, 37.23 mmol) was added to the reaction mixture 

nd refluxed for 48 h. After the mixture was cooled to room tem- 

erature, the solvent was evaporated. The residue was diluted with 

tOAc and washed with water (3 × 20 mL). The combined organic 

ayer was dried over Na 2 SO 4 and concentrated under reduced pres- 

ure. The residue was purified by column chromatography (hex- 

ne/ EtOAc = 9:1) to give compound 26 as an off-white solid (2.5 
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, 80%) (Mp: 165-166 °C). 1 H-NMR (400 MHz, Aceton-d 6 ): δ 9.96 

bs, 1H), 8.54 (bs, 1H), 7.79 (d, J = 7.5 Hz, 1H), 7.61 (bs, 1H), 7.50-

.32 (m, 6H), 7.13 (t, J = 7.5 Hz, 1H), 7.02 (t, J = 7.5 Hz, 1H), 5.21 (s,

H). 13 C-NMR (100 MHz, Aceton-d 6 ): δ 154.3, 137.6, 134.8, 128.6, 

28.2, 128.1, 122.2, 121.4, 118.6, 117.8, 115.8, 114.6, 111.5, 66.2. 

.2.17. 1H-Indol-3-amine ( 27 ) 

N -(1 H -Indol-3-yl)-2-phenylacetamide (1.0 g, 3.76 mmol) was 

issolved in MeOH (30 mL) and 10% Pd/C (100 mg) was added. 

he mixture was stirred in an H 2 atmosphere for 4 h. The Pd/C 

as removed by filtration and concentrated under reduced pres- 

ure to afford 1 H -indol-3-amine which was used in the next step 

ithout further purification. 

.2.18. (S)-1-(1H-Indol-3-yl)-3-(1-phenylethyl)urea ( 21 ) 

To a stirred solution of 1 H -indol-3-amine (400 mg, 3.03 mmol) 

n CH 2 Cl 2 (10 mL) Et 3 N (0.42 mL, 3.03 mmol) was added to the

olution, followed by ( S )-(1-isocyanatoethyl)benzene (445 mg, 3.03 

mol). The reaction was stirred for 12 h at room temperature. The 

ixture was washed with water and brine, combined organic layer 

as dried over Na 2 SO 4 and concentrated under reduced pressure. 

he crude product was purified by column chromatography respec- 

ively (hexane/ EtOAc = 8:2) and (MeOH, 150 mL) to obtain pure 

roduct ( 21 ) as a light-green oil (60 0 mg, 71%). 1 H-NMR (40 0 MHz,

DCl 3 ): δ 8.53 (bs, 1H), 7.45 (d, J = 7.4 Hz, 1H), 7.29-7.12 (m, 7H),

.09-7.05 (m, 2H), 6.45 (bs, 1H), 5.31 (bs, 1H), 5.01 (p, J = 7.0 Hz,

H), 1.33 (d, J = 7.0 Hz, 3H). 13 C-NMR (100 MHz, CDCl 3 ): δ 157.1,

44.1, 134.8, 128.6, 127.1, 125.9 (2C), 123.5, 122.8, 120.1, 117.7, 114.1, 

11.7, 49.7, 22.7. HPLC (OJ column; hexane/2-propanol = 80/20; flow 

ate 1.0 mL/ min; T = 25 °C; 254 nm): t R -(-) = 19.1 min. Enan-

iomeric rate: ( + ) = 0.0 and (-) = 100.0. 

.2.19. (S)-1-(1H-Indol-3-yl)-3-(1-phenylethyl)thiourea ( 22 ) 

Prepared according to the synthesis procedure of 21 using 1 H - 

ndol-3-amine (400 mg, 3.03 mmol), Et 3 N (0.42 mL, 3.03 mmol) 

nd ( S )-(1-isothiocyanatoethyl)benzene (494 mg, 3.03 mmol). Pu- 

ification was carried out by column chromatography using respec- 

ively (hexane/ EtOAc = 8:2) and (MeOH, 150 mL) to obtain pure 

roduct ( 26 ) as a light-green oil (620 mg, 73%). 1 H-NMR (400 

Hz, CDCl 3 ): δ 8.52 (bs, 1H), 7.64 (bs, 1H), 7.44 (d, J = 7.8 Hz,

H), 7.38 (d, J = 7.8 Hz, 1H), 7.28-7.07 (m, 8H), 6.22 (d, J = 5.5 Hz,

H), 5.73-5.70 (m, 1H), 1.42 (d, J = 6.8 Hz, 3H). 13 C-NMR (100 MHz,

DCl 3 ): δ 181.1, 142.5, 135.0, 128.6, 127.4, 126.2, 123.5, 123.3, 121.3, 

21.0, 118.0, 112.4, 112.0, 54.1, 21.5. HPLC (OJ column; hexane/2- 

ropanol = 80/20; flow rate 1.0 mL/ min; T = 25 °C; 254 nm): t R -(-

 = 30.3 min. Enantiomeric rate: ( + ) = 0.0 and (-) = 100.0. 

.2.20. Benzyl (1H-indol-2-yl)carbamate ( 29 ) 

Prepared according to the synthesis procedure of 26 using 

iphenylphosphoryl azide (3.21 mL, 14.89 mmol), Et 3 N (2.08 mL, 

2.89 mmol) and 1 H -indole-2-carboxylic acid (2.0 g, 12.41 mmol). 

urification was carried out by column chromatography using sil- 

ca gel (hexane/ EtOAc = 9:1) to afford the title compound 29 (2.4 

, 72%) as an off-white solid (Mp: 141-142 °C). 1 H-NMR (400 MHz, 

DCl 3 ): δ 9.80 (bs, 1H), 7.47-7.33 (m, 6H), 7.31-7.27 (m, 1H), 7.15 

bs, 1H), 7.12-7.05 (m, 2H), 5.82 (s, 1H), 5.24 (s, 2H). 13 C-NMR (100 

Hz, CDCl 3 ): δ 153.4, 135.4, 134.0, 132.5, 128.7, 128.6, 128.3, 127.2, 

20.5, 120.2, 119.0, 110.6, 85.1, 67.7. 

.2.21. 1H-Indole-2-carbonyl chloride ( 32 ) 

To a stirred solution of indoline-2-carboxylic acid (1.0 g, 6.21 

mol) in CH 2 Cl 2 (15 mL) was slowly added SOCl 2 (1 mL, 14.2 

mol). The reaction mixture was then refluxed at 70 °C for 2h. 

he solvent was removed on a rotary evaporator. The crude prod- 

ct was purified by column chromatography (hexane/ EtOAc = 9:1) 

o give compound 32 as a light-yellow solid (1.05 g, 95%). 1 H-NMR 
12 
400 MHz, CDCl 3 ): δ 8.99 (bs, 1H), 7.75-7.73 (m, 1H), 7.55-7.54 (m, 

H), 7.44-7.43 (m, 2H), 7.20 (m, 1H). 13 C-NMR (100 MHz, CDCl 3 ): δ
60.0, 138.5, 129.4, 127.9, 127.0, 123.5, 121.8, 116.2, 112.3. 

.2.22. 1H-Indole-2-carbonyl azide ( 33 ) 

To a solution of 1 H -indole-2-carbonyl chloride (1.05 g, 5.85 

mol) in THF (15 mL) a solution of NaN 3 (2.28 g, 35.08 mmol) in

 2 O (3 mL) was added. Upon completion of the addition, the re- 

ulting mixture was stirred for 48 at room temperature. Water (20 

L) was added and extracted with EtOAc (3 × 20 mL). The com- 

ined organic layer was dried over Na 2 SO 4 . Removal of the sol- 

ent under reduced pressure gave 33 , which was used without fur- 

her purification in the next step (1.0 g, 91%). 1 H-NMR (400 MHz, 

DCl 3 ): δ 8.99 (bs, 1H), 7.71 (t, J = 7.9 Hz, 1H), 7.43 (d, J = 7.9 Hz,

H), 7.37 (t, J = 7.9 Hz, 1H), 7.29 (s, 1H), 7.17 (t, J = 7.9 Hz, 1H).
3 C-NMR (100 MHz, CDCl 3 ): 166.3, 138.1, 128.1, 127.3, 126.7, 123.1, 

21.3, 112.1, 111.0. 

.2.23. (R)-N-(1-Phenylethyl)-1H-indole-2-carboxamide ( 35 ) 

To a stirred solution of 1 H -indole-2-carbonyl chloride (500 mg, 

.78 mmol) in CH 2 Cl 2 (10 mL) was added ( R )-1-phenylethan-1- 

mine (337 mg, 2.78 mmol) and stirred at room temperature 

or 12 h. The solvent was removed under reduced pressure and 

he residue was purified by column chromatography (hexane/ 

tOAc = 7:3) to give compound 35 (660 mg, 90%) as a light-yellow 

olid (Mp: 167-168 °C). 1 H NMR (400 MHz, CDCl 3 ): δ 9.85 (bs, 1H), 

.62 (d, J = 8.0 Hz, 1H), 7.44-7.34 (m, 4H), 7.33-7.26 (m, 2H), 7.26- 

.20 (m, 1H), 7.14-7.07 (m, 1H), 6.86 (s, 1H), 6.45 (d, J = 7.1 Hz, 1H),

.39 (p, J = 7.1 Hz, 1H), 1.64 (d, J = 7.1 Hz, 3H). 13 C-NMR (100 MHz,

DCl 3 ): δ 161.0, 143.0, 136.5, 130.6, 128.8, 127.6, 127.5, 126.2, 124.5, 

21.8, 120.6, 112.12, 102.0, 49.1, 22.0. HPLC (OJ column; hexane/2- 

ropanol = 90/10; flow rate 1.0 mL/ min; T = 25 °C; 254 nm): t R -(-

 = 52.4 min. Enantiomeric rate: ( + ) = 0.0 and (-) = 100.0. 

.2.24. 2,2,2-Trifluoro-N-(2-iodophenyl)acetamide ( 37 ) 

To a solution of 2-iodoaniline (1.0 g, 4.30 mmol) and triethy- 

amine (0.7 mL, 4.55 mmol) in THF (10 mL) at -15 °C was slowly 

dded trifluoroacetic anhydride (0.65 mL, 4.30 mmol) in 5 mL of 

HF. The resulting mixture was stirred for 1 h and then allowed 

o warm to room temperature and stirred for 16 h. The reaction 

ixture was then poured into a separatory funnel containing wa- 

er (100 mL) and extracted with ethyl acetate (3 × 30 mL). The or- 

anic layers were dried over anhydrous Na 2 SO 4 . The solvent was 

emoved under vacuum to give desired product 37 (1.3 g, 90%) as 

 white solid (Mp: 105-106 °C). 1 H-NMR (400 MHz, CDCl 3 ): δ 8.29 

s, 1H), 8.21 (d, J = 7.6 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.42 (t, J = 7.6

z, 1H), 6.98 (t, J = 7.6 Hz, 1H) [34] . 

.2.25. 2-Amino-1H-indole-3-carbonitrile (38) 

To a stirred solution of 2,2,2-trifluoro- N -(2- 

odophenyl)acetamide (1.3 g, 0.5 mmol) in DMSO (15) was 

dded malononitrile (1.3 g, 0.5 mmol), L-proline (95 mg, 0.1 

mol) and K 2 CO 3 (1.14 g, 1.0 mmol). After stirring the mixture for 

5 min under nitrogen atmosphere CuI (78 mg, 0.05 mmol) was 

dded to the flask. The mixture was stirred at 60 °C for 12 h. The

esulting mixture was cooled to room temperature and filtered. 

he solid was washed with methanol two times (2 × 3 mL), and 

he combined filtrate was concentrated on the rotary evaporator, 

nd the residue was purified by column chromatography on silica 

el using petroleum ether/ethyl acetate (1:2) as eluent to give 

he desired product 38 (1.1 g, 85%) as a light yellow solid (Mp: 

91-192 °C). 1 H-NMR (400 MHz, DMSO-d 6 ): δ 10.80 (s, 1H), 7.13 

d, J = 8.3 Hz, 2H), 6.30 (m, 2H), 6.70 (s, 2H). 13 C-NMR (100 MHz,

MSO-d 6 ): δ 154.3, 132.6, 128.8, 121.2, 120.1, 118.4, 115.6, 110.7, 

2.2 [35] . 
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.2.26. (S)-1-(3-Cyano-1H-indol-2-yl)-3-(1-phenylethyl)urea ( 39 ) 

To a stirred solution of 2-amino-1 H -indole-3-carbonitrile (1.0 g, 

.36 mmol) in THF (10 mL) NaH (55-60%) (254 mg, 6.36 mmol) 

as added and after stirring of the mixture for 15 min, ( S )-(1-

socyanatoethyl)benzene (936 mg, 6.36 mmol) was added to reac- 

ion mixture. The mixture was stirred at room temperature for 12 

. Solvent was evaporated and the residue was diluted with EtOAc 

nd washed with water (3 × 20 mL). The combined organic layer 

as dried over Na 2 SO 4 and concentrated under reduced pressure 

o give desired product 39 (500 mg, 25%) as a red solid (Mp: 174- 

75 °C). 1 H-NMR (400 MHz, CDCl 3 ): δ 10.87 (s, 1H), 8.93 (s, 1H), 

.49-7.37 (m, 5H), 7.37-7.11 (m, 4H), 6.33 (d, J = 7.0 Hz, 1H), 5.00 (p,

 = 7.0 Hz, 1H), 1.60 (d, J = 7.0 Hz, 3H). 13 C-NMR (100 MHz, CDCl 3 ):

153.9, 147.0, 143.5, 131.4, 128.8, 127.5, 125.8, 125.4, 122.3, 122.2, 

18.0, 117.4, 111.5, 65.7, 50.2, 22.9. HPLC (OJ column; hexane/2- 

ropanol = 80/20; flow rate 1.0 mL/ min; T = 25 °C; 254 nm): t R -

-) = 1.0 min. Enantiomeric rate: ( + ) = 0.0 and (-) = 100.0. 

.3. Antibacterial assay 

The antibacterial activity of synthesized compounds was indi- 

idually tested against Escherichia coli ATCC 25922, Pseudomonas 

eruginosa ATCC 9027, Bacillus cereus ATCC 33019, and Staphylococ- 

us aureus ATCC 29213. Microorganisms were cultured using Nutri- 

nt agar for 24 h at 37 °C. The compounds were dissolved with 15%

MSO to prepare stock solutions of concentration 20 0 0 μg/mL. 

.3.1. Disk diffusion assay 

The antibacterial activity of the synthesized compounds was 

creened with the disk diffusion assay [43] . A hundred μL of bac- 

eria suspensions (containing 10 8 colony-forming-unit/mL bacteria) 

ere spread on the nutrient agar plate. The disks (6 mm in diam- 

ter) were placed on the plate and impregnated with 10 μL of the 

olution (300 μg the compound per disk). DMSO was used as a 

egative control. Ampicillin (10 μg per disk) was used as a positive 

ontrol. The plates were incubated for 24 h at 37 °C. The antibac- 

erial activity was determined by measuring the diameter of the 

nhibition zone. The assays were performed three times. 

.3.2. Microwell dilution assay 

Minimum inhibitory concentration (MIC) values of the com- 

ounds forming the inhibition zone against microorganisms were 

etermined using a microwell dilution assay [44] . The solutions of 

icroorganisms were prepared using bacteria cultures incubated 

or 12 h and adjusted to 0.5 McFarland standard turbidity. The 

ompounds with different concentrations (ranging from 7.8 to 500 

g/mL) were prepared from the stock solution with 2-fold serial 

ilutions. For the assay, 5 μL of bacteria solution, 95 μL of Tryp- 

ic Soy Broth, and 100 μL of the compound solution were added 

o each well. The 96-well plates were incubated at 37 °C for 24 

. Chloramphenicol at a concentration ranged from 7.8 to 500 

g/mL was used as standard antibacterial agents for positive con- 

rol. The wells containing only microorganism solution and Tryptic 

oy Broth were used as a negative control. After incubated, micro- 

ial growth in Tryptic Soy Broth was monitored at 600 nm by the 

icroplate reader (Thermo Scientific TM Multiskan 

TM GO Microplate 

pectrophotometer). To confirm the growth, the samples in clear 

ells were inoculated on nutrient agar. 

.4. Molecular docking modeling 

Molecular modeling was done using the Schrödinger Maestro 

oftware package. The molecules ( 9 , 16 , and 20 ) were prepared us-

ng the LigPrep module. The crystal structures were downloaded 
13 
rom the Protein Database (PDB: 3VMR, 3VSL) for molecular dock- 

ng studies [ 40 , 41 ]. The biomolecule structures were pretreated us- 

ng the Protein Preparation Wizard to optimize the hydrogen bond- 

ng network and remove possible crystallographic artifacts. While 

lide XP was used for 3VMR protein structure, the Schrödinger 

ovDock algorithm used both Glide and Prime were used for 3VSL 

rotein. The original ligand (cefotaxime) of the 3VSL protein struc- 

ure is covalently bound to Ser 392, and as a result, the connec- 

ion between the ligand and Ser 392 is removed before minimiza- 

ion. Molecular docking studies were performed using the covalent 

ocking protocol. 

.5. In silico ADME 

Some ADME properties (QpLogPo/w, QPLogHERG, QPPCaco, 

pLogBB, QPPMDCK, QPlogKp, QpLogKksa, Percent Human oral ab- 

orption, and Lipinski’s five rules) for synthesized compounds (8- 

3, 16-18, 20-21, and 39) were determined by computational meth- 

ds using Qikprop. 
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